Paraplegia is a disastrous complication after operations of descending and thoracoabdominal aortic aneurysm. Regional hypothermia protects against spinal cord ischemia although the protective mechanism is not well know. The objective of this study is to examine whether hypothermia protects the spinal cord by preventing apoptosis of nerve cell and also investigate a possible mechanism involved in hypothermia neuroprotection. Cell apoptosis with necrosis was evident in the spinal cord 24 h after 30 min of ischemia. Moderate hypothermia decreased the incidence of apoptotic nerve cells. Both cell apoptosis and necrosis were attenuated by hypothermia. p53 expression increased and bcl-2 expression declined after ischemia, while hypothermia mitigated these changes. This study suggests that apoptosis contributes to cell death after spinal cord ischemia, and that moderate hypothermia can prevent nerve cell apoptosis by a mechanism associated with bcl-2 and p53 genes.
INTRODUCTION
Spinal cord ischemic injury remains a devastating complication after operations of descending and thoracoabdominal aortic aneurysm. In spite of advances in surgical techniques and protective adjuncts, the incidence of paraplegia or paraparesis still ranges from 5-10% [1] . Moreover, some patients who undergo thoracic aneurysm repair and awaken with no neurological dysfunction immediately after the operation sometimes develop delayed-onset paraplegia 1 to 5 d later [2] . The cause of delayed onset has been attributed to postoperative hypotension, embolization or thrombosis to anterior spinal artery, and occlusion of reimplanted intercostal arteries. Recent studies suggest neuronal apoptosis occurs concurrently with necrosis following spinal cord ischemia and may contribute to delayed onset of neuronal cell death [3] . It has been suggested that spinal motoneurons are more vulnerable to ischemia. Delayed and selective death of motoneurons after transient ischemia may not be necrotic but rather predominantly apoptotic which is accompanied with cytochrome c release and induction of caspases, cyclin D1 and cdk4 protein [4] [5] [6] [7] . Hypothermia has been proved as an efficient method for spinal cord protection following ischemia [8] . Early studies showed hypothermia could reduce tissue metabolism, restrain the synthesis and release of excited neurotransmitter, and inhibit the inflammation caused by ischemia [9, 10] . Recent work suggested that mild or moderate hypothermia mitigates neuronal apoptosis induced by hypoxia or ischemia in cultured brain tissues or brain in vivo [11, 12] . However, little is known about the effect of hypothermia on neuronal apoptosis in spinal cord. The objective of this study is to investigate whether hypothermia prevents neural cell apoptosis after spinal cord ischemia in a rabbit model, and furthermore, if the protective effects of hypothermia are related to alterations of p53 and bcl-2 expression.
MATERIALS AND METHODS

Animal models
Animals were treated according to the guidelines for the care and use of laboratory animals in all experiments (NIH Publication No. 86-23, revised 1985). The rabbit model of spinal cord ischemia and epidural cooling was established according to Martelli et al. [9] . Twenty-four New Zealand white rabbits weighing between 2.5 and 3.0 kg were used in this study. The rabbits were divided into 3 groups: a sham control group (group S, n=8), a 30-min ischemia group (group I, n=8) and a 30-min ischemia with epidural cooling group (group H, n=8). Animals underwent anesthesia with an intramuscular cocktail of ketamine hydrochloride (60 mg/kg) and Diazepam (4 mg/kg). Spinal cord ischemia was induced by infrarenal aortic occlusion for 30 min. For group H, the spinal cord was cooled with an extracorporeal perfusion system consisted of a roller pump and a glass coil immersed in a water bath. The temperature of the spinal cord was lowered to (26) (27) (28) o C. Each group of animals was divided into three experimental subgroups: group A for hematoxylin and eosin staining (H&E), Hoechst and TUNEL staining (n=3), group B for electron microscopy (n=2), and group C for DNA fragmentation and RT-PCR analysis (n=3). The motor function was assessed at 24 h with the modified Tarlov's criteria [13] . A score of 0-4 was assigned to each animal as follows: 0, no voluntary movement; 1, perceptible movement of joints, active movement but unable to stand; 3, able to stand but unable to walk; and 4, complete recovery of hindlimb function. Statistical comparisons were analyzed by KruskalWallis test, and a value of P<0.05 was considered as significant and P<0.01 as extremely significant.
Histological study
Rabbits were anesthetized 24 h after experimental or sham procedures and exsanguinated through the right atrium (n=3). The spinal cord was perfused with saline solution (1% heparin) quickly, followed by 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS, pH 7.6). The lumbar segments of the spinal cord were harvested and fixed in 10% formalin in PBS for 12 h, and then embedded in paraffin and transverse sections were cut with a thickness of 6-8 ìm at L5 level. Some sections were stained with H&E, and examined by light microscopy. Several sections were stained with Hoechst 33258 (5 µg/ml) for 7 min, and visualized by fluorescence microscopy.
Electron microscopy
Rabbits were anesthetized 24 h after experimental or sham procedures and perfused with 4% paraformaldehyde and 1.25% glutaraldehyde in PBS, then the spinal cord was removed at L5 level (n=2). Slabs were immersion-fixed overnight in 2.5% glutaraldehyde in PBS at 4°C. Ultrathin sections (60 to 90 nm) were prepared according to Mackey et al. [3] and examined on a ZEISS-EM902 transmission electron microscope.
TUNEL staining
TUNEL was performed on paraffin sections using an in situ cell death detection kit (Roche). Tissue sections were deparaffinized and rehydrated, then labeled by dUTP-fluorescein according to the manufacturer's instructions. Some sections were also stained with Hoechst 33258, and then visualized by fluorescence microscopy. We counted TUNEL positive cells and total cells (Hoechst staining) in the ventral gray matter in 4 sections/animal at a magnification of ×200 for quantitative measurement of the percentage of neural cells that underwent apoptosis. The ratio was expressed as the mean ± SD. Statistical comparisons were analyzed by ANOVA, and a value of P<0.05 was considered as significant and P<0.01 as extremely significant.
Analysis of DNA fragmentation
Spinal cord at L5 level was quickly removed and frozen in liquid nitrogen. Total genomic DNA was prepared according to the method of Sambrook et al. [14] and subjected to 1.8% agarose gel electrophoresis and visualized with ethidium bromide (0.5 µg/ml). Lowmolecular weight DNA was prepared according to the method of Linnik et al. [15] , separated on a 5% nondenaturing polyacrylamide gel, and visualized by silver staining.
RT-PCR analysis
Total RNA was isolated from L5 spinal cord using TRIzol reagent (Invitrogen). 2 µg RNA were added in 20 µL of reaction mixture and preheated for 10 min at 80°C with 100 pmol Random Primer (Invitrogen). The first-strand cDNA was synthesized by SuperScript II reverse transcriptase (Invitrogen) at 42°C for 1 h. The reaction was terminated at 70°C for 15 min. 1 µL of the cDNA mixture was used for subsequent PCR (10 µL) with the following primer set: bcl-2 forward, 5'-GTGGCCTTCTTTGAGTTCG-3'; bcl-2 reverse, 5'-CTTCAGAGACAGCCAGGAG-3' (product size 212bp) [16] p53 forward, 5'-ACCTTCCGACACAGCGTGGT-3'; p53 reverse, 5'-CTCCATCCAGCGGCTTCTTC-3' (349bp) [17] glyceraldehyde-3-phosphate dehydrogenase (GAPDH) forward, 5'-ACCACGGTG CACGCCATCAC-3', GAPDH reverse, 5'-TCCACCACCCTGTT GCTGTA-3' (454bp). PCR were conducted with an initial denaturation at 94°C for 5 min followed by 35 cycles (bcl-2 and p53) and 25 cycles (GAPDH) of amplification. Each cycle consists of 30 sec of denaturation at 94°C, 30 sec of annealing at 55°C (bcl-2, GAPDH) or 57°C (p53), and 1 min of extension at 72°C. The last cycle was followed by a final extension for 7 min at 72°C. GAPDH was used as a reference control. Our initial experiments determined that cDNA amplification was linear within 30 to 40 cycles of PCR for bcl-2 and p53 (data not shown). PCR products were analyzed by agarose gel electrophoresis. All experiments are repeated four times.
RESULTS
Rabbits in sham group recovered without neurologic deficit at 24 h, while all the rabbits with aortic occlusion in group I had paraplegia or paraparesis. In group H, all rabbits were neurologic intact except one. The numbers of animals with paraplegia were significantly less in the hypothermia treatment group (P<0.01).
Histological study
Representative photographs of HE-stained sections are shown in Fig. 1 . The spinal cord was intact in sham-operated animals with many large motoneurons in the anterior horn (Fig. 1A) , and no change was observed in neural cells including neurons and glial cells. However, many motoneurons as well as glial cells disappeared in the spinal cords from rabbits subjected to 30 min ischemia, and necrotic changes and neurophil vacuolation of the gray mat- Lei Ming WANG et al ter became evident (Fig. 1B) . In addition, some neurons exhibited apoptotic characteristics such as cell shrinkage, chromatin condensation and nuclear budding (Fig. 1B,  arrows) . Nuclear staining by Hoechst 33258 showed that the nuclei of motoneurons appeared normal (Fig. 1C , arrow) in sham group, while apoptotic nuclei with condensed chromatin and nuclear fragments were evident in ischemia group (Fig. 1D, arrows) [18] . Apoptotic bodies were verified (Fig. 1D, arrowheads) .
Electron microscopy
Electron microscopy illustrated an ultrastructure of apoptosis in damaged neurons. Nuclear chromatin in sham group was evenly distributed ( Fig. 2A) , while cells with different stages of apoptotic features were distinguishably identified in the ischemic group (Fig. 2B-D) . In contrast to the early apoptotic changes that included dense aggregation of chromatin around the margin of the nucleus with intact nuclear membranes (Fig. 2B, arrows) , advance apoptotic changes included nuclear fragmentation with condensed cytoplasm and intact cytoplasmic organelles as mitochondria (Fig. 2C, arrow) . In the late stages of apoptosis, condensed chromatin masses bud into membrane-bounded apoptotic bodies (Fig. 2D, arrow) . The results in Fig. 1 and Fig. 2 indicate that neural cell apoptosis occurred in the spinal cord at 24 h following 30 min ischemia.
TUNEL staining
Our investigation was then focused on the possibility that moderate hypothermia prevents neural cell apoptosis in our model. HE staining of tissue from the hypothermia protected group (H) showed relatively normal histological morphology as compared to tissue from normothermic ischemia group (I) (Fig. 3A-C) . There was less evidence of apoptotic motoneurons and glial cells found in group H. Cells that displayed morphological features of apoptosis could be labeled by TUNEL staining in which double-strand breaks in DNA were labeled with dUTP-fluorescein (Fig.  3G, H, I ). The nuclei of all cells in the same field were also revealed by Hoechst staining (Fig. 3D, E, F) . Few cells were weakly stained by TUNEL reaction in the anterior horn of sham-operated animals (Fig. 3G) , whereas many cells were intensely stained in the anterior horn in sections of spinal cord after ischemia (group I) (Fig. 3H) . However, moderate hypothermia protection decreased staining and reduced the number of TUNEL-positive cells (Fig. 3I ). Quantitative analysis (Fig. 3J ) indicated that the percentage of TUNEL-positive cells in anterior horn was increased significantly in ischemia group (P<0.01), while reduced by hypothermia protection (P<0.01). This suggests that moderate hypothermia can reduce neural cell apoptosis caused by ischemia injury. 
Analysis of DNA fragmentation
Nucleosomal fragmentation by endonuclease cleavage is a well-defined biochemical marker of cells undergoing apoptosis which results in DNA fragments with multiples of 180 bp, as compared to necrosis that causes nonspecific degradation of DNA into random-sized fragments [19] . Gel electrophoresis of the total genomic DNA from L5 spinal cord of three groups was presented in Fig. 5A . DNA from the sham-operated spinal cord was largely intact and exhibited little migration in the gel. DNA from the ischemia group exhibited a characteristic nucleosome ladder which might result from DNA endonucleolytic digestion (Fig. 4A lane I, arrows) . A smear pattern resulting from random DNA degradation suggests that necrosis might have occurred concurrently with apoptosis. Degradation of DNA from the hypothermia group was reduced and a faint ladder became evident (Fig. 4A, lane H, arrows) . To further distinguish the DNA ladder, low-molecular weight DNA was prepared for gel electrophoresis (Fig.  4B) . DNA from the sham group showed little detectable degradation. A DNA ladder with a smear pattern appeared in the DNA after spinal cord ischemia; whereas DNA degradation was reduced and a faint ladder was observed with hypothermia protection (Fig. 4B, arrows) . Results from DNA fragmentation analysis demonstrate that hypothermia largely decreased cell apoptosis and necrosis after spinal cord ischemia.
RT-PCR analysis
It has been indicated that p53 tumor suppressor protein is essential for neuronal apoptosis in response to a variety of insults, including DNA damage, ischemia and J excitotoxicity, and bcl-2, a member of the bcl-2 family, plays a major role in protection of central nervous system against these insults [20] . The mRNA expression of p53 and bcl-2 gene was examined by RT-PCR amplification of the sham, ischemic and hypothermic groups. PCR products at the expected size were shown in Fig. 5 . bcl-2 expression (212 bp band) was clearly observed in the lane of sham group; whereas a faint band was detected in ischemia group, while bcl-2 expression was increased by hypothermia protection. p53 expression (349 bp band) was enhanced in ischemia animals compared with the sham group, whereas p53 mRNA decreased in hypothermia group. GAPDH expression (454 bp band) exhibited no change.
DISCUSSION
This study demonstrates that hypothermia supports optimal protection against spinal cord ischemia and moderate hypothermia can remarkably decrease the number of TUNEL-positive neural cells. The faint ladder within a smear pattern after hypothermia protection indicates that hypothermia may prevent neural cells from apoptosis and necrosis at the same time.
After spinal cord ischemia, accumulated reactive oxygen specie (ROS) caused DNA damage [21] , and there was evidence of caspases induction in the motoneurons of rabbit model [5] . In a mouse model, spinal cord ischemia induced cytochrome c release from mitochondria and caspase-3 activation [7] . Such findings suggested that the mitochondrial pathway might be involved in spinal cord ischemia leading to neuronal apoptosis [20] .
Hypothermia could inhibit apoptosis by decreasing generation of ROS, cytochrome c release and also increasing bcl-2 expression in some instances in cerebral ischemia [22] [23] [24] . On the other hand, hypothermic protection was associated with decreases in caspase 3 and caspase 9 activity and also cytochrome c translocation in an apoptotic model of cultured cortical neurons [25] . This study indicated that hypothermia might be able to attenuate apoptosis through a mitochondrial pathway in cerebral ischemia. However, it remains unknown that how hypothermia protects against cell apoptosis in spinal cord ischemia.
DNA damage leads to p53 activation, and therefore decreases bcl-2 level in the mitochondrial pathway [20] . We found p53 expression was increased and bcl-2 expression was decreased after spinal cord ischemia, and meanwhile hypothermia protection mitigated these changes. Our results indicate that the levels of expression of bcl-2 and p53 were associated with spinal cord ischemia and hypothermia protection. While p53 expression is usually elevated in damaged neurons in acute models of injury such as ischemia and epilepsy [26] , the absence of p53 had been found to protect neurons from various acute insults. Targeted disruption of bcl-2 gene in mice exacerbates focal ischemic brain injury [27] , whereas bcl-2 overexpression protects against cerebral ischemia either by vector-mediated overexpression or in transgenic animal models [28, 29] . Therefore, the fact of decreased p53 and increased bcl-2 expression in the spinal cord with hypothermia implies an underlying mechanism for the observed neuroprotection. Hypothermia is the most efficient approach to reduce the rate of paraplegia after operations on the thoracoabdominal aorta. The results of this study suggest that the neuroprotective benefit of hypothermia may be attributed to preventing neural cell apoptosis and also necrosis. Since a combination treatment of hypothermia and bcl-2 overexpression by gene transfer in stroke models can improve their therapeutic benefits [30] , clinical studies with combination of hypothermia and gene transfer-mediated upregulation of bcl-2 protein or down-regulation of p53 protein are recommended for prevention of spinal cord ischemia in the future.
